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Abstract 
    The paper presents the study on operation and performance of thermal energy storage (TES) system. The TES 
system is installed at a cogeneration plant for campus cooling. Operating data from 2006 until 2009 were anlaysed to 
evaluate the operating modes, half-cycle figure of merit (FOM) and thermocline performance of the TES system. The 
findings indicate that the TES system was operated based on partial mode strategy. The average half-cycle FOM 
evaluated for charging and discharging are 0.47 and 0.67 respectively.  The thermocline thickness estimated is 1.5 m. 
The temperature distribution profiles indicate that the TES functioned as stratified TES.  
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [ICAEE2011] 
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1. Introduction 
Thermal energy storage (TES) has been widely used for campus cooling environment [1, 2, 3]. TES 
system could function in supporting chillers to meet cooling demand. The application of cool TES is for 
storing night-time peak energy for day-time peak use. For the co-generation plant under this study, the 
excess electric energy generated by the gas turbines that is available during the night is used to generate 
chilled water to charge the TES tank. The chilled water is stored in the tank to support the peak 
requirements during the day. This is designed in order to achieve better utilisation of electricity.  Studies 
have shown that the operation of the TES system greatly influence TES performance [4-9]. The main 
objectives of this study are to analyse the operating modes, half-cycle FOM and the thermocline thickness 
of the TES system currently available at a cogeneration plant of an academic institution.  
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2. Theory  
2.1 Partial-storage 
     For the partial-storage strategy as shown in Fig. 1, the chillers are operated during the peak-period 
cooling supported by chilled water from TES tank.  The strategy could either be load-leveling or demand-
limiting. In the case load-leveling operation, the chillers are run at full capacity throughout 24 hours. While 
the demand-limiting the chillers are run at reduced capacity during peak hours. The load-leveling strategy, 
require less storage capacity than demand-limiting strategy. The demand-limiting strategy in turn requires 
less storage capacity compared to full storage strategy. The load-leveling strategy is most suitable when 
peak cooling load is much higher than the average cooling load.  
Fig. 1 Operating strategies. (a) partial-storage load-levelling, and (b) partial-storage demand-limiting [4] 
2.2 Figure of merit 
     FOM is defined as the ratio between the integrated capacities to the ideal capacity that could have been 
withdrawn as per equation (1), [8]. The lost capacity is due to mixing and conduction during the charged 
and discharged cycle and it is associated to thermocline region. The FOM gives a direct measure of the 
fraction of nominal capacity that can be delivered at a usable temperature for given charged and 
discharged inlet conditions. FOM includes not only capacity losses to the environment, but also losses 
due to mixing and conduction within the tank; it should always be less than thermal efficiency. 
    The  half-cycle FOM defined by equation(2), is the ratio of integrated discharged capacity to 
theoretical capacity represented by an equal volume of water undergoing a temperature change equal to 
the difference between the average discharged and charged  inlet temperatures [9,11,12].  
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CMax Ideal capacity  
CInt        Integrated capacity 
T           Temperature variation in the tank. 
TC         Average cool water available near inlet during discharging 
Th         Temperature of chilled water returns to the inlet of the tank during charging. 
2.3. Thermocline 
     Water temperature distribution in the stratified TES tank reflects a region of warm water at the top of 
the tank while cool water region lay in the bottom, with a thermocline region forms in the middle forming 
an S-Curve water temperature profile with respect to TES height [11, 12].  
3. Case Study: TES system of co-generation cooling plant for campus cooling 
      The under studied TES system is installed at a cogeneration plant of an academic institution. The TES 
system is a diurnal storage system and it is a sensible TES with water as a cooling medium. TES system 
consists of four electric chillers (EC) and two steam absorption chillers (AC) and one TES tank. The total 
capacities of the EC and AC are 1,300 RT and 2500RT respectively. The thermal storage is a stratified 
type with maximum capacity of 15,000RTh. Fourteen temperature sensors are installed inside the tank at 
approximately 1 m vertical interval, with the lowest sensor located at 0.51 m height.  
        
The cooling energy stored in TES tank is made available for meeting the peak day requirements for 
campus cooling. The TES tank is charged at night by EC. The charging of TES tank by the EC is designed 
to be done during off-peak hours. Normally one, two or three EC are being operated. Historical records 
indicated that there were occasion the three EC were simultaneously operated.  Records also showed that 
EC were also operated during discharged cycle of the TES in order to support the cooling demand. 
4. Results and Discussion 
4.1 Mode of operation of TES system  
   The TES system helps in achieving the balance energy demand between the day and night time. The 
system adopts the partial operating strategy. This is noted from Fig. 2, 3, 4 and 5.  Fig.2 shows the plot of 
operations of EC and AC. EC were operated from 12 noon till 7am. During this period the EC were used to 
charge TES tank from 2 am till 7 am, as shown by Fig. 3. This indicates that at other time EC were used to 
directly supply the chilled water to the campus. It is noted that the discharging period were changed for the 
case of Fig.4. The discharging was extended until 5pm., while the charging started from 6pm. The holding 
capacity of TES was increased up to 14,000RTh.  
Fig. 2. The operation of EC and AC for the 24 hours period, thus July 4th, 2006 [6] 
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Fig.3. The charging and discharging of TES tank for July 4th 2006 [6] 
Fig  4. Daily charging and discharging profile of TES tank from 7th to 11th April 2008 
Fig.5. Daily charging and discharging profile of TES tank from 13th to 16th April 2009 
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4.2 Half-cycle FOM 
        The calculated half-cycle FOM are as shown in Table 1.The charging FOM values vary from 
minimum of 0.5 to maximum of 0.84.While for discharging process the half-cycle FOM vary from a 
minimum of 0.13 to maximum of 0.73.The total average half-cycle FOM calculated for discharging  and 
charging are  0.47 and 0.67 respectively. Comparing the half-cycle FOM values with the published data 
[11], for a tank that stratifies well, the half-cycle FOM should be at least or exceed 90%. , the calculated 
results were very much lower.  
Table 1.  Performance measure of the TES tank for 21st -25th April 2008 
Assessment\Date 21-Apr-08 22-Apr-08 23-Apr-08 24-Apr-08 25-Apr-08 Avg 
Discharge duration(hrs) 11 10 11 9 11 10.40 
Charge duration(hrs) 13 14 13 15 13 13.60 
Cint|char,RTh 8578 12036 12623 9234 7495 9993.33 
Cint|dischar,RTh 10959 1912 8223 4388 9748 7045.79 
FOM1/2|charge 0.57 0.80 0.84 0.62 0.50 0.67 
FOM1/2|discharge 0.73 0.13 0.55 0.29 0.65 0.47 
4.3 Thermocline thickness 
     The temperature profiles plot recorded by the sensor is as shown in Fig. 6. The water distribution in 
the tank reflects a region of warm water form at the top of the tank while cool water region formed at the 
bottom, with thermocline region forms in the middle. Results from the plot indicate that the tank chilled 
water temperature demonstrated a thermocline pattern which is the characteristic of a natural stratified 
tank. This indicates that the TES functions as a naturally stratified as design.  The thermocline thickness 
estimated is 1.5 m.  
     
From the results for the curve fitting of the data [10], the sigmoid dose response (SDR) function, 
were obtained, represented by equation (3);  
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Fig. 6. Temprature profile of TES  
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     The SDR function relates temperature distribution to variable of X and parameters of Tc, Th, C and S.
Parameters Tc and Th are cool and warm temperatures (oC) respectively. X variable expresses the 
dimensionless elevation (x.N/H), where x is the elevation of the temperature sensors (m), H is effective 
height of the tank content of water (m) and N is number of stratified layers. Parameter C is a 
dimensionless elevation unit and S is constant parameter related to slope gradient of the function. 
4.4 Discussion 
The TES system at the cogeneration plant has been operating on partial strategy. The system is 
designed for EC to be used specifically for charging of TES. However the EC had been used also to 
support AC during peak demand for chilled water by the campus. This had affected the availability of 
electricity supply generated by the cogeneration plant.  To overcome this situation, one option is to install 
additional TES tank and EC to benefit from additional electricity available during off-peak period. This 
would increase chilled water availability. Another option is to build an ice storage system which would 
also enhance the system.   
5. Conclusion  
 The analysis has identified that the partial operating strategy adopted by the plant is a combination of 
load-leveling and demand -limiting mode. This might be among the reasons which have led to low half-
cycle FOM values obtained from the study. Increasing the TES capacity and the number of EC could 
enhance the performance of the TES system. Adopting TES with ice storage would be a better option to 
enhance the TES system’s performance. The enhancement of the TES system’s performance would 
improve the performance of the co-generation plant in terms of utilization of electrical power and chilled 
water.
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